We examined interactions between Hsp83 and hsrω lncRNAs in hsrω 66 Hsp90GFP homozygotes, which almost completely lack hsrω lncRNAs but over-express Hsp83. All +/+; hsrω 66 Hsp90GFP progeny died before third instar. Rare Sp/CyO; hsrω 66 Hsp90GFP reached third instar stage but phenocopied l(2)gl mutants, dying after prolonged larval life, becoming progressively bulbous and transparent with enlarged brain. Additionally, ventral ganglia were elongated. However, hsrω 66 Hsp90GFP/TM6B heterozygotes, carrying +/+ or Sp/CyO second chromosomes, developed normally. Total RNA sequencing (+/+, +/+; hsrω 66 /hsrω 66 , Sp/CyO; hsrω 66 /hsrω 66 , +/+; Hsp90GFP/Hsp90GFP, and Sp/CyO; hsrω 66 Hsp90GFP/hsrω 66 Hsp90GFP late third instar larvae) revealed similar effects on many genes in hsrω 66 and Hsp90GFP homozygotes. Besides additive effect on many of them, numerous additional genes were affected in Sp/CyO; hsrω 66 Hsp90GFP larvae, with l(2)gl and several genes regulating CNS being highly down-regulated in surviving Sp/CyO; hsrω 66 Hsp90GFP larvae, but not in hsrω 66 or Hsp90GFP single mutants. Hsp83 binds at these gene promoters. Several omega speckle associated hnRNPs too may bind with these genes and transcripts. Hsp83-hnRNP interactions are also known. Thus, elevated Hsp83 in altered hnRNP distribution and dynamics, following absence of hsrω lncRNAs and omega speckles, background can severely perturb regulatory circuits with unexpected consequences, including down-regulation of tumor suppressor gene like l(2)gl. 0 1 5
Introduction
The 83 kDa heat shock protein (Hsp83), the Drosophila homolog of human Hsp90, is a major member of the Hsp90 family of molecular chaperone proteins (Arya et al. 2007; Li et al. 2007; Rutherford and Lindquist 1998) . Besides being induced by thermal and other cell stress conditions, Hsp83 is ubiquitously expressed during normal development. It is involved in a wide variety of cellular processes like protein chaperoning, chromatin modification through binding with DNA, formation of pre-RISC complex, piwiRNA biogenesis, sno/sn/telomerase RNA accumulation, cell cycle regulation, signaling pathways, transgenerational inheritance and molecular evolution (Bandura et al. 2013; Basto et al. 2007; Boulon et al. 2010; Creugny et al. 2018; Cutforth and Rubin 1994; DeFranco and Csermely 2000; Dittmar and Sen 2018; Gangaraju et al. 2011; Graf and Enver 2009; Iwasaki et al. 2015; Lange et al. 2000; Mazaira et al. 2016; Miyoshi et al. 2010; Olivieri et al. 2012; Pratt and Toft 1997; Ruden and Lu 2008; Rutherford et al. 2007; Sawarkar et al. 2012; Specchia et al. 2010; Tariq et al. 2009; van der Straten et al. 1997; Zhao et al. 2008 ).
An earlier study in our lab (Lakhotia and Ray 1996) showed that heterozygosity for hsp83 mutant allele in Drosophila enhanced the lethality associated with a null condition for the hsr gene, which produces multiple long non coding RNAs (lncRNA). This indicated possible interaction between Hsp83 and hsrω lncRNAs. Like the Hsp83, the hsr lncRNAs are ubiquitously present in nearly all tissues of Drosophila melanogaster at every stage of development and are highly up-regulated under cell stress condition (Lakhotia 2011) . Some of the hsrω transcripts are cytoplasmic while others are nuclear; the latter are known to associate with diverse hnRNPs and some other proteins to organize the nucleoplasmic omega speckles and thus regulate dynamics of these important regulatory proteins (Lakhotia 2011 (Lakhotia , 2016 Lakhotia 2017; Piccolo et al. 2014; Prasanth et al. 2000; Singh and Lakhotia 2015) . The Hsp83, although majorly a cytoplasmic protein, is also present in association with perichromatin ribonucleoproteins (Carbajal et al. 1990 ), on many chromosome sites in normal and heat shocked cells (Morcillo et al. 1993; Sawarkar et al. 2012; Tariq et al. 2009 ). Following heat shock at 37°C, this protein also shows a strong presence at the 93D puff, where the hsr gene is located (Morcillo et al. 1993; Tariq et al. 2009) .
To further study possible interactions between Hsp83 and hsrω transcripts, here we examined effect of over-expression of Hsp83 in a background where the hsrω transcripts are nearly absent. We used a transgenic line (Tariq et al. 2009 ) expressing EGFP tagged Hsp83 protein under endogenous hsp83 promoter to over-express Hsp83. This transgenic line, referred to as Hsp90GFP in the following, carries four copies (2 normal and two EGFP-tagged transgenes) of the hsp83 gene and, therefore, over produces Hsp83 although without any adverse effect on normal development (Tariq et al. 2009 ). The hsr 66 mutant allele shows extremely reduced expression of hsr transcripts and in homozygous condition causes high degree of lethality so that only about 30% of the hsr 66 homozygous progeny survive as weak, short-lived and poorly fertile adults (Johnson et al. 2011; Lakhotia et al. 2012) . Surprisingly, however, when brought together, all of the +/+; hsr 66 Hsp90GFP homozygous, but not +/+; hsr 66 Hsp90GFP/TM6B heterozygous, progeny died at early larval stages. On the other hand, a few Sp/CyO; hsr 66 Hsp90GFP progeny survived to 3 rd instar stage but all of them died after a prolonged third instar life as larvae or, rarely, as pseudopupae. The phenotypes of these larvae, like bloated appearance, deformed imaginal discs, enlarged brain lobes (BL), small endoreplicated organs like salivary and ring glands, gut regions etc, were strongly reminiscent of the phenotypes displayed by the apico-basal polarity l(2)gl gene mutant larvae (Aggarwal and King 1969; Farkas and Mechler 2000; Gateff and Mechler 1989; Korochkina et al. 1975; Welch 1957) . Analysis of the larval transcriptomes of different genotypes revealed that among the many different pathways and genes affected in hsrω 66 or Hsp90GFP genotypes, several were commonly affected in either of the genotypes. However, the hsrω 66 Hsp90GFP individuals showed uniquely differential expression of a much large number of genes involved in important processes like cell adhesion, cell fate and proliferation, tissue patterning and differentiation, protein folding and degradation, metamorphosis, microtubule/axoneme formation etc, which together seem to be responsible for the complete lethality of +/+; hsrω 66 Hsp90GFP homozygotes before the 3 rd instar stage. Survival of the few Sp/CyO; hsrω 66 Hsp90GFP larvae beyond the 2 nd instar stage suggests that some genetic factors associated with the Sp/CyO chromosomes partially rescued the early damage. However, the surviving Sp/CyO; hsrω 66 Hsp90GFP larvae displayed greatly reduced levels of transcripts of the apico-basal polarity l(2)gl gene and some others that are involved in morphogenesis of brain lobe and ventral ganglia. Since none of these genes were affected in hsrω 66 or Hsp90GFP single mutants or in hsrω 66 Hsp90GFP/+heterozygotes, interactions between these two gene products appear to be very sensitive to their relative levels. Depletion of hsrω transcripts affects intra-cellular dynamics of the diverse hnRNPs (Lakhotia et al. 2012; Piccolo et al. 2017; Piccolo and Yamaguchi 2017) while Hsp83/Hsp90 is known to bind (Sawarkar et al. 2012; Singh and Lakhotia 2015; Tariq et al. 2009 ) with promoters of several highly down-regulated genes in Sp/CyO; hsrω 66 Hsp90GFP larvae. Hsp90 and a variety of hnRNPs also directly interact and regulate a wide variety of cellular activities (Chen et al. 2007; Chi et al. 2018; Creugny et al. 2018; Ford et al. 2002; Grammatikakis et al. 1999; Jinwal et al. 2012; Lackie et al. 2017; Youn et al. 2018; Zhang et al. 2006) . Apparently, the altered dynamics of hnRNPs due to the near absence of hsrω transcripts in hsrω 66 in conjunction with elevated Hsp83 levels severely affects transcripts of many genes, including those like l(2)gl, kuz, mmp2, SPARC etc, to generate the unusual phenotype of the rare surviving Sp/CyO; hsrω 66 Hsp90GFP larvae. These results, besides confirming interactions between hsrω transcripts and Hsp83 during development, also highlight that perturbation in interaction between ubiquitously expressed coding and non-coding genes can synergistically result in unexpected but dramatically severe consequences, including initiation of timorous growth by down-regulation of important tumor suppressor genes like l(2)gl.
Materials and Methods

Fly stocks
All fly stocks and crosses were maintained on standard agar-maize powder-yeast and sugar food at 24±1 0 C. The following stocks were used a) +/+ (Oregon R + ) b) w 1118 ; +/+; hsrω 66 (Johnson et al. 2011 
Lethality and embryo hatching Assay
For lethality assay, freshly hatched 1st instar larvae of the desired mentioned genotypes were collected during a two hr interval and transferred to food vials containing regular food and reared at 24±1°C. Total numbers of larvae that pupated and subsequently emerged as flies were counted. At least three biological replicates of each experimental condition and/or genotypes were examined.
To find out embryo hatchability, total number of eggs laid during a period of two hours was counted and the numbers of dead and hatched embryos noted for each genotype.
Whole organ immunostaining
Brain complex and salivary glands from actively migrating late third instar larvae of the desired genotypes were dissected out in Poels' salt solution (Tapadia and Lakhotia 1997) , and immediately fixed in freshly prepared 3.7% paraformaldehyde in PBS for 20 min and processed for immunostaining, as described earlier (Prasanth et al. 2000) , with mouse anti-Wingless (4D4, Developmental Studies Hybridoma Bank, Iowa, 1:50), mouse anti-Dlg (4F3, Developmental Studies Hybridoma Bank, Iowa, 1:50), rabbit anti-PH3 (Phospho-Histone H3 (Ser10), Cell signaling, 1:50), or Anti-Hsp83 (gifted by Dr. Robert Tanguay, 3E6, Morcillo et al 1993; 1:50) . Appropriate secondary antibodies conjugated either with Cy3 (1:200, Sigma-Aldrich, India) or Alexa Fluor 633 (1:200; Molecular Probes, USA) or Alexa Fluor 546 (1:200; Molecular Probes, USA) were used to detect the given primary antibody. Chromatin was counterstained with DAPI (4', 6-diamidino-2-phenylindole dihydrochloride, 1μg/ml). Tissues, mounted in DABCO antifade mountant, were examined under Zeiss LSM Meta 510 confocal microscope using Plan-Apo 40X (1.3-NA) or 63X (1.4-NA) oil immersion objectives. All images were assembled using the Adobe Photoshop software.
The Anti-Hsp83 was also used for western detection of Hsp83 at 1:500 dilution using total proteins samples from wild type, Sp/CyO; hsrω 66 , Sp/CyO; Hsp90GFP, and Sp/CyO; hsrω 66 Hsp90GFP larvae, as described earlier (Singh and Lakhotia 2015).
RNA isolation and Reverse Transcription-PCR
Total RNA, isolated from healthy wandering third instar larvae of the desired genotypes using Trizol reagent following the manufacturer's (Sigma-Aldrich, India) recommended, were used for semi-quantitative RT-PCR or qRT-PCR. One μ g of RNA, suspended in nuclease-free water and quantified spectrophotometrically, was incubated with 2U of RNase free DNAseI (MBI Fermentas, USA) for 30 min at 37°C to remove any residual DNA. First strand cDNA was synthesized from 1-2 μ g of total RNA as described (Mallik and Lakhotia 2009). The cDNAs were subjected to semi quantitative RT-PCR or real time PCR using the desired forward and reverse primer pairs (see Table 1 ). Real time qPCR was performed using 5µl qPCR Master Mix (SYBR Green, Thermo Scientific), 2 picomol/µl of each primer per reaction in 10 µl of final volume in an ABI 7500 Real time PCR machine. The PCR amplification reactions were carried out in a final volume of 25 μ l containing cDNA (50 ng), 25 pM each of the two specified primers, 200 μ M of each dNTPs (Sigma Aldrich, USA) and 1.5U of Taq DNA Polymerase (Geneaid, Bangalore). 15 μ l of the PCR products were loaded on a 2% agarose gel to check for amplification, with a 50bp DNA ladder used as molecular marker.
Next Generation RNA sequencing
Total RNA, in duplicate biological replicates, was isolated from Oregon R + (WT), Sp/CyO; hsrω 66 , Sp/CyO; Hsp90GFP, Sp/CyO; hsrω 66 Hsp90GFP wandering third instar larvae (115-117hr after egg hatching) using Trizol (Invitrogen, USA) reagent as per manufacture's protocol in one set and WT and +/+; hsrω 66 in another set. 1µg of each of the isolated RNA samples was subjected to DNAse treatment using 2U of TurboTM DNAse (Ambion, Applied Biosystem) enzyme for 30 min at 37°C. The reaction was stopped using 15mM EDTA followed by incubation at 65°C for 5-7 min and purification on RNAeasy column (Qiagen). The first set of samples (WT, Sp/CyO; hsrω 66 , Sp/CyO; Hsp90GFP, Sp/CyO; Hsp90GFP hsrω 66 ) were sequenced at the NGS facility at the Centre for Genetic Disorders at Banaras Hindu University while total RNA sequence for the 2nd set (WT and +/+; hsrω 66 ) of samples was provided by Bionivid Technology Private Limited, Bangalore (India). In each case, the biologically duplicate purified RNA samples were processed for preparations of cDNA libraries using the TruSeq Stranded Total RNA Ribo-Zero H/M/R (Illumina) and sequenced on HiSeq-2500 platform (Illumina) using 50bp (first set) or 100bp (2 nd set) pair-end reads. For the first set, 8 samples were run per lane, with duplicate samples run across 2 lanes while for the second set, 4 samples were run per lane, with duplicate samples run across 2 lanes. This resulted in a sequencing depth of ~20 million reads in each case. The resulting sequencing FastQ files were mapped to the Drosophila genome (Relese dm6) using Tophat with Bowtie. The aligned SAM/BAM file for each was processed for guided transcript assembly using Cufflink 2.1.1 and gene counts were determined. Transcripts from all samples were subjected to Cuffmerge to get final transcriptome assembly across samples. A comparison of the WT RNA sequence outputs from the two sets indicated that they are generally similar. In order to ascertain differential expression of gene transcripts between different samples, Cuffdiff 2.1.1 was used (Trapnell et al. 2012) . A P-value <0.05 was taken to indicate significantly differentially expressing genes between different groups compared. Genes differentially expressed between experimental and control genotypes were categorized into various GO terms using DAVID bioinformatics Resources 6.8 (Huang et al. 2009 ) (https://david.ncifcrf.gov) for gene ontology search. In order to find out distribution of differentially expressing genes into various groups, Venn diagrams and Heat maps were prepared using the Venny2.1 and ClustVis softwares, respectively (Metsalu and Vilo 2015).
Results
Synthetic lethality and l(2)gl phenocopy following over expression of Hsp83 in hsr RNA depleted condition
The hsrω 66 allele is associated with a 1598bp deletion of the upstream regulatory sequences including 9bp downstream of the second transcription start site of the hsrω gene and therefore, it has been described as a null allele (Johnson et al. 2011) . In order to confirm this, we carried out qRT-PCR with total RNAs from hsrω 66 /hsrω 66 , hsrω 66 /TM6B and Act5C-GAL4/CyO; UAS-hsrωRNAi 3 /TM6B larvae using several different primer pairs that would amplify transcripts corresponding to different regions of the ~21kb long hsrω gene ( Fig. 1A and Table 1 ). Data in Table 1 show that as expected the RD transcript is completely absent in hsrω 66 homozygotes while the transcripts corresponding to other parts of the hsrω gene are greatly reduced although not completely absent. As shown in Fig. 1A , the exon 1 region is present in all the hsrω transcripts, the UBR is common to RH, RB and RF transcripts, repeats and UAR regions are common to RB (and its spliced product RG) and RF transcripts while the FUR is unique to the hsrω-RF transcripts. The variable down-regulation of these different transcripts in the hsrω 66 homozygotes is due to the variable relative abundance of the different transcripts and to their varying commonality in the multiple transcripts. The present data thus show that the hsr 66 is a very strong hypomorphic allele whose homozygosity results in most of the hsrω transcripts being expressed only in trace amounts. The qRT-PCR results with total RNA from hsrω 66 /TM6B heterozygotes showed that all the hsrω transcripts, except the RD, were significantly reduced when compared with wild type (Table 1) . Act5C-GAL4 driven ubiquitous expression of the UAS-hsrωRNAi 3 transgene, which primarily targets the 280b repeats in the hsrω transcripts (Mallik and Lakhotia 2009), also significantly reduced levels of different hsrω transcripts, although the degree of reduction was less marked than even in the hsr 66 /TM6B larvae (Table 2) .
We also compared levels of hsrω transcripts in Oregon R + (wild type WT), Hsp90GFP/Hsp90GFP, hsrω 66 /hsrω 66 and, hsrω 66 Hsp90GFP/hsrω 66 Hsp90GFP by semiquantitative RT-PCR using primer pairs corresponding to exon 1 so that all the hsrω transcripts get amplified ( Fig. 1B) . Levels of hsrω transcripts in WT and Hsp90GFP homozygotes were comparable but greatly reduced in hsrω 66 and hsrω 66 Hsp90GFP homozygotes as expected.
Levels of hsp83 transcripts as detected by semi-quantitative RT-PCR in Oregon R + (wild type WT) and hsr 66 homozygotes were comparable (Fig. 1C ). The Hsp90GFP homozygous larvae, with four copies of the hsp83 gene (Tariq et al. 2009 ) showed nearly double the levels of hsp83 transcripts compared to WT larvae, but with no change in levels of hsr transcripts ( Fig. 1B, C) . The hsp83 transcript level in Hsp90GFP/TM6B larvae, with three copies of hsp83 gene, was about 1.5 fold greater than that in wild type larvae ( Fig. 1B) . Levels of hsr and hsp83 transcripts in hsr 66 Hsp90GFP homozygous larvae were comparable to those in hsr 66 or Hsp90GFP homozygotes, respectively ( Fig. 1B, C) . As reported earlier (Tariq et al. 2009 ), our western-blot analysis (not shown) confirmed that the Hsp83 protein levels in Hsp90GFP and hsr 66 Hsp90GFP homozygous larvae were greatly elevated than in WT or hsr 66 larvae. Thus the hsr 66 Hsp90GFP larvae had over-abundance of Hsp83 but gross depletion of the hsr lncRNAs.
In agreement with earlier report (Tariq et al. 2009 ), the viability of Hsp90GFP homozygous larvae under normal laboratory rearing conditions was comparable to that of wild type, with no significant larval or pupal death. As reported earlier (Johnson et al. 2011; Lakhotia et al. 2012) , nearly all of the hsr 66 larvae pupated but there was embryonic as well as late pupal lethality so that less than 30% of the hsr 66 homozygous eggs hatched as adults. During the course of our study, we noticed that out of nearly 600 eggs laid by +/+; hsr 66 Hsp90GFP/TM6B parents, no non-tubby larvae (+/+; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP) were visible beyond first or second instar stage. However, in the progeny of Sp/CyO; hsr 66 Hsp90GFP/TM6B parents, a very small proportion (~5% of 600 eggs examined) of Sp/CyO; hsr 66 Hsp90GFP (non-tubby) larvae continued to the third instar stage (Tables 3A, 4) . In order to examine if high lethality also occurred during embryonic development in hsr 66 Hsp90GFP homozygous embryos, the hatchability of eggs laid by +/+; hsr 66 /TM6B and +/+; hsrω 66 Hsp90GFP/TM6B parents and those laid by Sp/CyO; hsr 66 /TM6B, and Sp/CyO; hsrω 66 Hsp90GFP/TM6B parents was compared. No difference in hatchability of embryos between any of the pairs was found (Table  3B ). Together, these results indicate that the viability of hsrω 66 Hsp90GFP homozygous embryos is comparable to that of hsrω 66 homozygous embryos, irrespective of the chromosome 2 constitution (+/+ or Sp/CyO) but the +/+; hsrω 66 Hsp90GFP/hsrω 66 Hsp90GFP individuals showed 100% lethality at first or second instar stage while a small proportion of Sp/CyO; hsrω 66 Hsp90GFP/hsrω 66 Hsp90GFP larvae continued to the 3rd instar stage.
We compared the time required to complete larval and pupal development at 24+1 o C in WT, Hsp90GFP, hsr 66 , hsr 66 Hsp90GFP/TM6B (heterozygous for hsr 66 and Hsp90GFP), and Sp/CyO; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP genotypes. As the data in Table 4 show, the Hsp90GFP, hsr 66 and Sp/CyO; hsr 66 Hsp90GFP/TM6B larvae homozygous larvae developed a little slower. In agreement with earlier reports (Johnson et al. 2011; Lakhotia et al. 2012) , hsr 66 showed 15-30% pupal, but no larval lethality while Hsp90GFP did not show any larval or pupal lethality. However, none of the +/+; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP individuals reached the third instar stage, but rare Sp/CyO; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP larvae (52 out of 580 eggs laid by Sp/CyO; hsr 66 Hsp90GFP/TM6B) continued as larvae for 16-23 days after hatching (Table 4 ). These larvae phenocopied l(2)gl mutant larvae in their progressively bulbous and transparent appearance ( Fig. 1D ) and multi-organs defects (see below). Most of them died as larvae. Less than 1% of the delayed larvae formed pseudopupae before dying (Fig. 1E, F) . No flies of this genotype ever emerged.
All the +/+; hsr 66 Hsp90GFP/TM6B and Act5C-GAL4/CyO; UAS-hsrωRNAi 3 Hsp90GFP/TM6B larvae developed normally without any indication of the phenotypes exhibited by the Sp/CyO; hsrω 66 Hsp90GFP/hsrω 66 Hsp90GFP.
In subsequent studies, therefore, we examined the rare surviving third instar Sp/CyO; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP larvae to understand the reasons for their unusual larval phenotypes. For convenience sake, we refer the Sp/CyO; hsr 66 Hsp90GFP/hsr 66 Hsp90GFP and Sp/CyO; Hsp90GFP genotypes as hsr 66 Hsp90GFP and Hsp90GFP respectively in the following. The second chromosome constitution is mentioned only when it is not Sp/CyO. The hsr 66 genotype indicates that the 2nd chromosomes are wild type but when Sp/CyO chromosomes are present in combination with hsr 66 allele on chromosome 3, the genotype is indicated as Sp/CyO; hsr 66 . gene (not to scale; for details see http://flybase.org/reports/FBgn0001234) showing its different transcripts and different regions whose transcript levels were examined in Table 2 . B-C Histograms showing relative fold changes (±S.E, Y-axis) in levels of hsr (B) and hsp83 transcripts (C) following semi-quantitative RT-PCR in different genotypes (X-axis). D-G Images of wild type late third instar larva (D), hsr 66 Hsp90GFP larva (E) and hsr 66 Hsp90GFP pseudopupae (F, G).
The rare surviving hsr 66 Hsp90GFP third instar larvae show multi-organ defects
Examination of internal organs of the rare hsr 66 Hsp90GFP third instar larvae at different stages of their prolonged life revealed developmental defects in nearly every organ, many of which were similar to those seen in l(2)gl mutant larvae (Betschinger et al. 2003; Farkas and Mechler 2000; Gateff and Mechler 1989; Ohshiro et al. 2000; Roy and Lakhotia 1991) . The ring gland, which is very conspicuous in Hsp90GFP/TM6B late third instar larvae, because of the very high expression of Hsp90GFP ( Fig. 2A ), was much smaller in hsr 66 Hsp90GFP homozygous larvae, even in those which were two days older than the hsr 66 Hsp90GFP/TM6B late 3rd instar larvae ( Fig. 2B ). With advancing age, the ring gland progressively lost its tissue organization in hsr 66 Hsp90GFP larvae ( Fig. 2C ) so that by the 19 th day it appeared as an amorphic tissue lump ( Fig. 2D ). Similar loss of tissue organization was seen in hsr 66 Hsp90GFP larval imaginal discs so that their individual identity and the patterned expression of Wingless were lost even by day 6 ( Fig. 2E ). Likewise, the characteristic distribution patterns of Dlg, a septate junction marker (Woods et al 1996) , seen in wild type or hsr 66 (Fig. 2F) or Hsp90GFP (Fig. 2G ) imaginal discs were also completely lost in hsr 66 Hsp90GFP larvae ( Fig.  2H -I). The foregut, especially the proventriculus and gastric caecae, were short and stumpy in hsr 66 Hsp90GFP compared to WT or hsr 66 or Hsp90GFP larvae ( Fig. 2J, K) . Like the gut, the salivary glands (SG) were also smaller in hsr 66 Hsp90GFP larvae than in wild type with fat body cells more globular and sparser ( Fig. 2L , M). The endoreplicating cells and their nuclei in SG of 5 day old hsr 66 Hsp90GFP larvae were much smaller than in wild type or hsr 66 Hsp90GFP/TM6B heterozygous larvae of similar age; their nuclear size showed only a marginal increase during the extended larval life ( Fig. 3A-F ). It is interesting that the total number of endoreplicating cells in SG of Hsp90GFP homozygous larvae was about 10% higher than in wild type or hsr 66 ; this small but statistically significant increase in total number of cells was also seen in hsr 66 Hsp90GFP homozygous larvae ( Fig. 3G) The most striking feature of the hsr 66 Hsp90GFP larvae during their prolonged life was a progressive increase in size of the brain lobes (BL) and the ventral ganglia (VG) ( Fig. 3H-O) . The length of the VG and size of the BL varied independently in different hsr 66 Hsp90GFP homozygous larvae ( Fig. 3H -O) so that in some cases, BL were much larger while in others the VG attained a much greater length (e.g., compare Fig. 3N and O). It is notable that 5 day old wild type and hsr 66 Hsp90GFP homozygous larvae showed similar sizes of BL and VG (Fig. 3H, P and Q) . Immunostaining with mitotic cell marker phosphohistone-3 (PH3) revealed increased staining for PH3 in the BL and at the base of the VG even on day 5 of hsr 66 Hsp90GFP larvae, when compared with that in wild type ( Fig. 3P , Q). Increased PH3 staining at the basal region of VG during the prolonged larval life ( Fig. 3P -W) indicated that active mitosis at the basal region might be responsible for the increase in VG length in hsr 66 Hsp90GFP larvae. Immunostaining for Cyclin E (CycE), which is expressed only in undifferentiated neural cells (Bello et al. 2008; Berger et al. 2010) , revealed that compared to wild type (Fig. 3X) , the CycE positive cells were much more frequent in BL of hsrω 66 Hsp90GFP larvae ( Fig. 3Y ), but the characteristic patterns of the CycE positive cells in the optic lobes including the many large sized CycE positive cells present in WT larvae ( Fig. 3Z) were missing in the hsrω 66 Hsp90GFP larval BL ( Fig. 3Z') . This suggests that the stereotyped pattern of divisions of neuroblasts and the subsequent differentiation of their progeny cells (Chia et al. 2008; Homem and Knoblich 2012; Lin and Schagat 1997) were absent in BL of hsrω 66 Hsp90GFP. The CycE staining in hsrω 66 or Hsp90GFP larval BL was generally similar to that in WT (not shown). 
Over expression of Hsp83 in hsr RNA depleted background results in down-regulation of large sets of genes involved in cell/tissue division, growth and differentiation
In view of the widespread and severe defects displayed by hsr 66 Hsp90GFP larvae, we examined whole transcriptome of 115-117hr (after egg hatching) old hsr 66 Hsp90GFP larvae and compared with those of same age wild type (Oregon R), hsr 66 , Sp/CyO; hsr 66 and Hsp90GFP larvae. We found that 128 and 154 genes were significantly down-regulated in hsr 66 and Hsp90GFP larvae, respectively, when compared with similar age wild type larvae ( Fig. 4A ), with ~35% (45 genes) being common in hsr 66 and Hsp90GFP larvae ( Fig. 4A and 5A). Similarly, 309 and 232 genes were significantly up-regulated, compared to similar age wild type larvae, in hsr 66 and Hsp90GFP larvae, respectively. In this case also ~37% (113) were commonly up-regulated in both these genotypes ( Fig. 4B and 5B ). Such common effects on a significant proportion of genes in hsr 66 and Hsp90GFP genotypes suggest that hsr transcripts and Hsp83 may be involved in several common pathways. In agreement with this, the heat maps presented in Fig. 5 , show that many of the genes that were commonly affected in hsr 66 and Hsp90GFP genotypes showed an additive effect in hsr 66 Hsp90GFP double mutant larvae.
Fig. 4. Large numbers of genes show differential expression in 5 day old hsr 66
Hsp90GFP larvae compared to wild type, hsr 66 or Hsp90GFP larvae of same age. Venn diagrams showing numbers of genes that are significantly down-(A) or up-regulated (B) in different genotypes when compared with wild type (WT).
A gene ontology (GO) term analysis of the genes commonly affected by loss of hsr transcripts (hsr 66 ) or over expression of Hsp83 (Hsp90GFP) revealed that the down-regulated genes were related mostly to immunity, serine endopeptidase activity and extracellular matrix ( Supplementary Table S1 and Fig. 5A ). The commonly up-regulated genes in hsr 66 and Hsp90GFP larvae were found to be associated with immunity, proteolysis, catabolism, extracellular matrix and outer membrane of endoplasmic reticulum ( Supplementary Table S2 and Fig. 5B ). Their molecular functions ranged from diverse peptidase (aminopeptidase, metallopeptidase, serine endopeptidase) to hydrolase, oxido-reductase, peroxidase or of antioxidant activities (Supplementary Tables S1 and S2).
Examination of GO terms of the genes commonly affected in hsr 66 and Hsp90GFP genotypes ( Fig. 5 ) did not indicate that these genes could be responsible for the unusual phenotypes displayed by hsr 66 Hsp90GFP larvae. Moreover, compared to the relatively small number of genes that were commonly affected in hsr 66 and Hsp90GFP, the proportion of genes showing unique down-or up-regulation in hsr 66 Hsp90GFP larvae, compared to wild type or hsr 66 or Hsp90GFP larvae ( Fig. 4 ) was much larger. Thus, ~90% and ~78% of differentially expressed genes were uniquely down-and up-regulated, respectively, in hsr 66 Hsp90GFP larvae ( Fig.  4A, B ). This shows that while substantial reduction of hsrω transcripts or over-expression of Hsp83 affected several genes similarly, the effects become dramatically different and more pervasive when the hsrω transcript levels are substantially reduced in presence of elevated levels of Hsp83 so that nearly 1850 genes get uniquely affected in hsr 66 Hsp90GFP larvae ( Fig. 4 , Supplementary Table S3 ).
Fig. 5 Transcripts of many genes in different pathways are commonly affected in hsrω 66
and Hsp90GFP larvae with additive effects in hsrω 66 Hsp90GFP homozygotes. Heat maps, based on FPKM values ( Supplementary Table S4 , Excel sheets 1 and 2), for different genes (right of each row), grouped according to GO terms (left) in different genotypes (top of each column), which, compared to wild type, are either significantly down-(A) or up-regulated (B) in both hsrω 66 and hsp90GFP larvae. Barring a few, marked by asterisks in hsrω 66 Hsp90GFP column, which do not show significant difference from those in WT, most genes are further down-(A) or up-(B) regulated, respectively, in hsrω 66 Hsp90GFP. Colour keys (top middle for A and top right for B) indicate the arbitrary relative expression on the basis of relative FPKM values. Table S4 , Excel sheet 3), of different genes (right of each row) grouped into different GO terms (left) in different genotypes (noted on top of each column) that are significantly down-regulated in hsrω 66 Hsp90GFP. Colour key (top left) indicates the arbitrary relative expression values on the basis of FPKM values. GO term search for genes uniquely down-or up-regulated in hsrω 66 Hsp90GFP larvae, when compared to wild type, revealed that a diverse array of important biological pathways were affected in the double mutant genotype ( Supplementary Table S3 ). While the up-regulated genes belonged mostly to metabolic and biosynthesis pathways including energy production and membrane transport, the down-regulated genes included many different pathways ( Fig. 6 and Supplementary Table S3 ). A large number of genes involved in metamorphosis including those involved in ecdysone synthesis (Fig. 6) , were significantly down-regulated in hsrω 66 Hsp90GFP. This may be responsible for the failure of these larvae to pupate. Negative regulators of neuronal development and those responsible for cell morphology during neuronal differentiation were also highly down-regulated in hsrω 66 Hsp90GFP larvae ( Fig. 6 ), which may contribute to their brain phenotypes. Since Notch signaling is known to be initiator of neuronal differentiation (Baonza and Freeman 2001; Grandbarbe et al. 2003; Hämmerle and Tejedor 2007) , down-regulation of many of its interactors also seems to contribute to the CNS phenotype. Likewise, downregulation of genes for salivary gland morphogenesis is reflected in the poor development of SG in hsrω 66 Hsp90GFP larvae. Genes involved in imaginal disc morphogenesis were also highly down-regulated in hsrω 66 Hsp90GFP larval transcriptome ( Fig. 6 ).
Among the genes belonging to cell commitment and morphogenesis pathways, the apico-basal cell polarity determining l(2)gl gene (Bilder et al. 2000; Calleja et al. 2016; Carvalho et al. 2015; Hariharan and Bilder 2006; Humbert et al. 2008; Humbert et al. 2003; Klämbt and Schmidt 1986) was highly down-regulated in hsrω 66 Hsp90GFP larvae but not in hsrω 66 or Hsp90GFP larvae ( Fig. 7A, C ). This is significant in view of the great similarities in many phenotypes seen in the hsrω 66 Hsp90GFP larvae and those in the l(2)gl loss of function mutants. The l(2)gl loss of function mutation is well known to result in malignant transformation of brain and imaginal disc cells, under-development of larval SG and PG and a prolonged larval life without pupation (Betschinger et al. 2003; Farkas and Mechler 2000; Gateff and Mechler 1989; Ohshiro et al. 2000; Roy and Lakhotia 1991) . Unlike the l(2)gl, levels of dlg and scribble, two other apicobasal polarity genes, were not significantly affected in any of the genotypes (Fig 7A, C) .
Changes in levels of many proteolytic pathway genes in hsrω 66 Hsp90GFP (Fig. 6 ) may also contribute to the highly elongated VG seen in case of hsrω 66 Hsp90GFP since an optimal balance of proteolytic activity is required to maintain the structural integrity of neural lamella, the extracellular matrix in neural tissues, which interacts with the underlying glia to shape the Drosophila nervous system (Hoang and Chiba 1998; Martinek et al. 2008; Meyer et al. 2014; Xie and Auld 2011) . Examination of genes known to be involved in VG development, revealed that transcripts of genes like kuz (Kuzbanian protease) and mmp2 (an extra-cellular matrix metalloprotease) were significantly down-regulated while SPARC (an extra-cellular matrix protein) was up-regulated only in hsrω 66 Hsp90GFP larvae ( Fig. 7A ). Interaction between the neural lamella (extra-cellular lamella) and glia shapes the VG and either down-or up-regulation of its components results in elongated nerve cord phenotype (Kato et al. 2011; Martinek et al. 2008; Meyer et al. 2014; Pandey et al. 2011; Schmidt et al. 2012 ; Xie and Auld 2011).
Expressions of these genes were affected in Hsp90GFP as well as hsrω 66 but to a much less extent than in hsrω 66 Hsp90GFP larvae ( Fig. 7A, B ).
Several genes involved in axonemal assembly, cilium morphogenesis, protein folding, and proteolysis were also significantly down-regulated only in hsrω 66 Hsp90GFP larvae. Axonemal proteins, the main components of cilia and flagella, form components of primary cilia in eukaryotic cells (Patel-King and King 2016; Satir et al. 2010) . In higher vertebrates their dysfunction results in a range of ciliopathy syndromes, marked by tumor formation and impairment in neurogenesis (Berbari et al. 2009; Guemez-Gamboa et al. 2014; Louvi and Grove 2011) . Although the chondotonal sensory neurons and sperm are the only tissues that have been reported to have primary cilia in Drosophila (Jana et al. 2016; Karak et al. 2015; Riparbelli et al. 2012) , recent reports have also implicated roles of the ciliary proteins in development since mutations in some of these gene cause embryonic lethality (Moore et al. 2013; Rogowski et al. 2009 ). The ciliary component gene like ttl3b, whose mutation results in embryonic lethality (Rogowski et al. 2009 ), and zmynd10, mutation in which leads to primary ciliary dyskinesia in both flies and humans (Moore et al. 2013) , were significantly down-regulated in hsrω 66 Hsp90GFP larvae ( Fig. 6 and Table S4 ).
The Wnt family regulates neuronal differentiation and cell fate commitment (Alexandre et al. 2014; Chiang et al. 2009; Inestrosa and Varela-Nallar 2014; Oliva et al. 2013) . Some members of this family were significantly down-regulated in hsrω 66 Hsp90GFP larvae ( Fig. 7A ). Expression of the canonical Wnt signaling pathway genes like wingless, a segment polarity gene, and dsh, ligand for Wnt signaling (Cohen et al. 2008; Reichsman et al. 1996; Sato 2006) , was not affected in any of the genotypes examined. Similarly, expression of the non-canonical Wnt signaling pathway and planar cell polarity gene wnt4 (Lim et al. 2005; Sato 2006 ) also did not show any significant change in any of the genotypes. However, several other members of this pathway, like wnt2, wnt6, wnt10 and wntD, showed differential expression in hsrω 66 Hsp90GFP (Fig. 7A ). It is notable that protein products of the down-regulated wnt2, wnt6, wnt10 genes have serine residues (Herr et al. 2012 ). On the other hand, the wntD gene, whose product does not have any serine residue (Ching et al. 2008; Herr et al. 2012 ) was up-regulated. Such differential effects may be related to several serine peptidases being affected (Fig. 5 ) to a much greater extent in hsrω 66 Hsp90GFP homozygotes.
As a general validation of the RNA seq data, we used qRT-PCR ( Fig. 7B ) or semi-quantitative RT-PCR ( Fig. 7C ) to assess levels of transcripts of several genes that were, on the basis of RNA seq data, either not affected (dlg, CycE and CycA) or were down-regulated (sgs3, l(2)gl, kuz and mmp2) or up-regulated (ugt37Ct and SPARC) in hsrω 66 Hsp90GFP larvae. Results presented in Fig. 7B -C show that there was a complete agreement between the RNA seq and RT-PCR data. This provides a general confidence in the RNA seq data in different genotypes. 3.4 Several transcription factor and RNA binding protein encoding genes were uniquely downregulated in hsrω 66 Hsp90GFP homozygotes Since our data revealed wide perturbations in levels of various gene transcripts in hsrω 66 Hsp90GFP homozygotes, which may result from changes in transcription and/or RNA processing/stability, we examined status of transcription factor (TF) genes in the different genotypes using the list of 996 transcription factors in Drosophila (Rhee et al. 2014) to identify those whose transcript levels were affected in hsrω 66 Hsp90GFP homozygotes but not in the other genotypes. It was found that unlike the effect on only a very limited but non-overlapping sets of TF in hsrω 66 or Hsp90GFP homozygotes, expression of 64 TF genes was significantly (P<0.05) down-or up-regulated in hsrω 66 Hsp90GFP homozygotes ( Fig. 8A and B ).
We also checked the levels of RNA binding proteins (RBP) listed in RBPDB (http://rbpdb.ccbr.utoronto.ca/) and found that out of the 259 genes, 18 showed differential expression in hsrω 66 Hsp90GFP homozygotes (Fig. 8C ). It was interesting that of these only one showed a similar significant (P<0.05) down-regulation in hsrω 66 while in Hsp90GFP homozygous larvae two genes showed changes similar to those in hsrω 66 Hsp90GFP homozygotes (marked by asterisks in Fig. 8C) . Surprisingly, levels of transcripts for none of the known omega speckle associated hnRNPs and those whose intracellular distribution is affected in hsrω 66 cells (Lakhotia et al. 2012; Mallik and Lakhotia 2011; Piccolo et al. 2017; Piccolo and Yamaguchi 2017; Singh and Lakhotia 2015) were significantly altered in any of the three mutant genotypes examined. However, heph and sm, which encode members of the hnRNP-L family, were down-regulated in hsrω 66 Hsp90GFP homozygotes. Sm is predicted to bind to both l(2)gl promoter as well as its 3'UTR ( Fig. 8D, E) . These two hnRNP family proteins, like the other hnRNPs (Lakhotia 2011; Piccolo et al. 2017; Piccolo and Yamaguchi 2017) , are expected to be associated with the omega speckles although this has not yet been experimentally demonstrated.
A bioinformatic analysis suggested that some of the affected RBPs have potential binding sites in the l(2)gl promoter and/or 3'UTR ( Fig. 8D, E ). We also found that two important transcription factors dFus (not shown) and dFMRP/FMR1 ( Fig 8D) are predicted to bind to l(2)gl promoter. This is significant since Fus interacts directly with hsrω RNA (Piccolo et al. 2017) while one of the interactors of FMR1, TDP43 also shows physical interaction with hsrω RNA (Piccolo et al 2018). Interestingly, Hrb87F and Hrb98DE, which are two of the principle hnRNPs known to be associated with hsrω RNA (Prasanth et al. 2000; Singh and Lakhotia 2016) , also show potential binding sites with the l(2)gl promoter ( Fig. 8D ).
Analysis of the available chip-seq data for Hsp90 (Sawarkar et al. 2012 ) and that of one of its interactor, Trithorax (Tariq et al. 2009 ), which is involved in chromatin remodeling and thus influences gene expression (Kassis et al. 2017; Ringrose 2017; Schuettengruber et al. 2017) revealed that both these proteins bind to l(2)gl, kuz and hsrω genes (Table 5 ). Their binding sites in the l(2)gl gene promoter are overlapping, which suggests that altered levels of Hsp83 can affect transcription at this locus. Additionally, the hsrω gene locus also shows strong Hsp83 binding in Chip-seq data as well as thorough immunostaining (Table 5) Table S4 , Excel sheets 5, 6 and 7) of transcription factor genes (noted on right of each row) in different genotypes (noted at top of each column) that were significantly down-(A) or up-regulated (B) in hsrω 66 hsp83GFP. C Heat maps of FPKM values of RNA binding protein genes (noted on right of each tow) in different genotypes (noted on top of each column) significantly affected in hsrω 66 hsp83GFP. Asterisks denote significant changes compared to corresponding WT (column 1). The colour keys denote arbitrary values given on basis of relative FPKM values for each gene in the four genotypes. D-E Diagrammatic representation of l(2)gl promoter (D) and 3'UTR (E) showing predicted binding of RBPs at the l(2)gl gene.
The Sp/CyO chromosomes do not seem to contribute to the above noted gene expression changes in Sp/CyO; hsrω 66 Hsp90GFP larvae
Since in the above comparisons, the hsrω 66 Hsp90GFP samples differed from the other three genotypes (Oregon R + or WT, +/+; hsrω 66 Hsp90GFP) in carrying Sp/CyO chromosomes instead of the wild type chromosome 2 and since the +/+; hsrω 66 Hsp90GFP died as very early larvae while the Sp/CyO; hsrω 66 Hsp90GFP larvae survived to 3 rd instar stage, it remained possible that the Sp/CyO chromosomes may also contribute to the unusual phenotypes displayed by the rare surviving Sp/CyO; hsrω 66 Hsp90GFP larvae. Since transcriptomes of +/+; hsrω 66 Hsp90GFP and Sp/CyO; hsrω 66 Hsp90GFP larvae could not be compared directly because none of the former survived to 3 rd instar stage, we compared transcriptomes of +/+; hsrω 66 and Sp/CyO; hsrω 66 3 rd instar larvae to get some information about effects of Sp/CyO chromosomes.
The transcriptome data revealed that expression of only a small number of genes was different between +/+; hsrω 66 and Sp/CyO; hsrω 66 larvae. On the basis of significant p-value differences (p <0.05), 146 and 211 genes were down-regulated in +/+; hsrω 66 and Sp/CyO; hsrω 66 , respectively, when compared to WT; of these 85 were common between the two sets. Similarly, 335 and 407 genes were up-regulated in +/+; hsrω 66 and Sp/CyO; hsrω 66 , respectively, when compared to WT; of these 214 were common between the two sets. In order to reduce the probability of false-positives, we also compared the numbers of genes showing differential expression on the q-value significance. This comparison revealed 70 and 42 genes to be downregulated, compared to WT, in +/+; hsrω 66 and Sp/CyO; hsrω 66 , respectively, with 24 being common ( Fig. 9A) . Similarly, 77 and 97 genes were up-regulated, compared to WT, in +/+; hsrω 66 and Sp/CyO; hsrω 66 , respectively with 39 being common ( Fig. 9B) . A comparison between +/+; hsrω 66 and Sp/CyO; hsrω 66 transcriptomes revealed much smaller difference between the two with only 26 genes being up-regulated and 11 down-regulated in Sp/CyO; hsrω 66 compared to +/+; hsrω 66 . These are listed in Figs. 9C and D. We examined expression levels of these genes in Sp/CyO; hsrω 66 Hsp90GFP larvae. Interestingly, only three genes (Cht4, Yp3 and CG6788) were similarly down regulated in Sp/CyO; hsrω 66 and Sp/CyO; hsrω 66 Hsp90GFP. On the other hand, two genes (Cpr47Eg and CG14219) that were down-regulated in Sp/CyO; hsrω 66 larvae, were actually up-regulated in Sp/CyO; hsrω 66 Hsp90GFP. None of the 26 up-regulated genes in Sp/CyO; hsrω 66 larvae showed significant difference in their expression levels in WT and Sp/CyO; hsrω 66 Hsp90GFP larvae. None of the different pathway genes shown in Fig. 7A , whose altered expression in Sp/CyO; hsrω 66 Hsp90GFP appeared to be critical for their phenotypes, exhibited differential expression (neither on p nor on q values) between +/+; hsrω 66 and Sp/CyO; hsrω 66 ( Fig 9E) . It is significant to note that l(2)gl, kuz and SPARC genes did not show any significant difference in their expression between +/+; hsrω 66 and Sp/CyO; hsrω 66 . Likewise, the various RBP and TF genes, which were affected in Sp/CyO; hsrω 66 Hsp90GFP larvae, did not show any difference in their expression between +/+; hsrω 66 and Sp/CyO; hsrω 66 larvae.
Together, therefore, the Sp/CyO chromosomes do not appear to contribute to the unusual phenotypes exhibited by Sp/CyO; hsrω 66 Hsp90GFP larvae, except that these chromosomes somehow delay the death of larvae with elevated Hsp83 in a background of grossly depleted hsrω transcripts after the organisms reach third instar stage. Supplementary Table S4 , Excel sheets 8 and 9) for genes (noted on right) that are up-(C) or down-regulated (D) in Sp/CyO; hsrω 66 compared to +/+; hsrω 66 in different genotypes (noted on top of each column). E Heat maps of genes (noted on right), based on FPKM values ( Supplementary Table S4 , Excel sheet 10), belonging to different GO terms (noted on left) involved in development of the VG and cell proliferation in different genotypes (noted at top of each column). The colour key (below C) applies to C-F and denotes arbitrary values given on basis of relative FPKM values for each gene in the three genotypes.
Discussion
We undertook this study to further examine the functional interaction between ubiquitously expressed and stress-inducible hsrω lncRNA and Hsp83 genes in view of the several earlier results (Lakhotia and Ray 1996; Morcillo et al. 1993; Tariq et al. 2009 ) that suggested possible interaction/association between their products. A near absence of hsrω transcripts in hsrω 66 homozygotes causes some degree of embryonic and late-pupal stage lethality but, as seen in a previous study (Lakhotia et al. 2012) , does not affect pupation of the larvae that hatch; present study), although, as noted here, they show a slight delay in larval development. Likewise, the Hsp83 over-expressing transgenic line Hsp90GFP does not show any obvious developmental defects (Tariq et al. 2009 ), except a small delay in larval development noted in this study. Therefore, the very high embryonic death and prolonged larval life followed by death without pupation of the rare surviving hsrω 66 Hsp90GFP homozygous larvae was unexpected, more so because the hsrω 66 Hsp90GFP/TM6B double heterozygotes did not show any apparent developmental defects or other phenotypic changes.
The common down-or up-regulation of a significant number of genes in hsrω 66 or Hsp90GFP homozygous larvae, and the additive/synergistic effect seen in expression of many of these genes in hsrω 66 Hsp90GFP homozygotes, revealed by our whole larval transcriptome analysis, indicate that products of these two genes indeed participate in common pathways and therefore, mutant alleles of the two may be expected to affect the phenotype when together. Interacting genes generally show some phenotypic consequence in heterozygous combination as well. Intriguingly however, the hsrω 66 Hsp90GFP/TM6B heterozygotes did not provide any indication about the severe consequences when the hsrω 66 Hsp90GFP combination becomes homozygous. The hsp83 transcripts in these heterozygotes were only marginally less than in Hsp90GFP homozygotes (Fig. 1) . The hsrω transcript levels in hsrω 66 heterozygotes were reduced, but this level of reduction apparently did not significantly affect the survival of the hsrω 66 Hsp90GFP heterozygotes. This is further confirmed by our finding that ubiquitous expression of hsrωRNAi transgene, which also reduced levels of different hsrω transcripts but did not cause any enhanced lethality when expressed in Hsp90GFP homozygotes. Thus, only when the levels of hsrω transcripts are reduced below certain minimal levels in a background of elevated Hsp83 levels, the severe adverse phenotypic effects manifest themselves.
Since the unusual phenotypes were seen only in Sp/CyO; hsrω 66 Hsp90GFP but not in +/+; hsrω 66 Hsp90GFP genotype, it remained possible that the Sp/CyO chromosomes may also contribute to the unusual late larval phenotypes. However, the Sp/CyO chromosome combination actually seems to reduce the severity of phenotype since while +/+; hsrω 66 Hsp90GFP homozygous larvae completely failed to survive beyond the 1st or 2nd instar stage, at least some of the Sp/CyO; hsrω 66 Hsp90GFP larvae reached the third instar stage before dying. Our comparison of transcriptomes of +/+; hsrω 66 and Sp/CyO; hsrω 66 showed only a limited number of genes to be affected by the presence of Sp/CyO chromosomes in hsrω 66 background. Since the set of genes differentially expressed between +/+; hsrω 66 and Sp/CyO; hsrω 66 did not include any of those that were uniquely affected in Sp/CyO; hsrω 66 Hsp90GFP larvae, the combined effect of homozygosity for hsrω 66 Hsp90GFP alleles seems to be prime cause for the observed larval phenotypes.
The larval phenotypes, viz., prolonged larval life, bulbous and transparent appearance of aged larvae, disorganized and clumped imaginal discs, small size of endoreplicating tissues like salivary glands, prothoracic glands, gut, Malpighian tubules etc, and the enlarged brain lobes, displayed by hsrω 66 Hsp90GFP homozygotes are striking phenocopy of those seen in larvae homozygous for the l(2)gl loss of function alleles (Farkas and Mechler 2000; Gateff and Mechler 1989; Merz et al. 1990; Roy and Lakhotia 1991) . The severely reduced levels of l(2)gl transcripts, shown by our RNA seq and RT-PCR data, in hsrω 66 Hsp90GFP homozygotes, but not in hsrω 66 Hsp90GFP/TM6B heterozygotes or in hsrω 66 (+/+; hsrω 66 or Sp/CyO; hsrω 66 ) or Hsp90GFP homozygotes, suggests that the unusual phenotypes of hsrω 66 Hsp90GFP homozygous larvae are indeed a consequence of the substantially down-regulated expression of the apico-basal polarity l(2)gl gene. The elongated VG phenotype displayed by the surviving hsrω 66 Hsp90GFP 3rd instar larvae is not a characteristic feature of the l(2)gl mutant larvae. This seems to result from the altered transcript levels of genes like kuz, mmp2, SPARC etc that are known to regulate shaping of the embryonic and larval VG (Meyer et al. 2014) . These genes were also differentially expressed only in hsrω 66 Hsp90GFP homozygotes, but not in Sp/CyO; hsrω 66 Hsp90GFP/TM6B heterozygotes or in hsrω 66 o r
Hsp90GFP single homozygotes. Since neither Hsp83 nor the hsrω lncRNAs directly function as transcription factors or as regulators of RNA turnover, the observed alterations in transcripts of l(2)gl, kuz, mmp2, SPARC and the large number of other genes in hsrω 66 Hsp90GFP homozygotes seem to be indirect consequences of their altered levels.
The ubiquitously expressed Hsp83, besides its more commonly known role as a protein folding chaperone (Arya et al. 2007; Li et al. 2007; Rutherford and Lindquist 1998) , also regulates i) several signaling pathways through binding with other proteins (Cutforth and Rubin 1994; DeFranco and Csermely 2000; Segnitz and Gehring 1997) , ii) organization of cytoskeleton (Fostinis et al 1992, Taiyab and Rao 2011), iii) centrosome function (de Cárcer et al. 2001; Lange et al. 2000) , iv) activities of a large number of genes through its roles in biogenesis of piwiRNA, miRNA, sno/sn/telomerase RNAs etc (Boulon et al. 2010; Dittmar and Sen 2018; Gangaraju et al. 2011; Iwasaki et al. 2015; Miyoshi et al. 2010; Olivieri et al. 2012; Specchia et al. 2010; Zhao et al. 2008) , and v) local chromatin organization through direct binding at many gene sites (Mazaira et al. 2016; Sawarkar et al. 2012; Tariq et al. 2009 ). Binding of Hsp83 at many of these chromosome sites overlaps with that of Trx, an important regulator of developmental gene expression through chromatin remodeling (Mazaira et al. 2016; Ringrose 2017; Sangster et al. 2003; Sawarkar et al. 2012; Tariq et al. 2009 ). Interestingly, Hsp83 as well as Trx proteins bind at promoters of genes like hsp83, l(2)gl and hsrω ( Supplementary Table 4 ). Thus elevated levels of Hsp83 can potentially affect the l(2)gl transcription. However, since l(2)gl transcripts, like those of many others, were severely down-regulated only when Hsp83 was over-expressed in the background of near absence of hsrω transcripts, additional factors, are affected by hsrω transcript levels, are needed for the synthetic action of elevated levels of Hsp83 and depleted hsrω transcripts on l(2)gl and the other affected genes.
The globally expressed hsrω gene produces multiple nuclear and cytoplasmic non-coding transcripts (Lakhotia 2011 (Lakhotia , 2016 Lakhotia 2017) . The larger nuclear hsrω transcripts are essential for the assembly of nucleoplasmic omega speckles harbouring a variety of hnRNPs and some other RNA binding proteins so that in the absence or reduced or elevated levels of the hsrω nuclear transcripts, the associated hnRNPs and other proteins lose their characteristic speckled nucleoplasmic distribution, which affects their sub-cellular localization, dynamic mobility and availability (Lakhotia 2017; Mallik and Lakhotia 2011; Piccolo et al. 2017; Piccolo and Yamaguchi 2017; Prasanth et al. 2000; Singh and Lakhotia 2015) .
Functions of various hnRNPs range from transcriptional regulation to post-transcriptional processing, transport, spatial localization and degradation of different RNAs in a tissue and transcript-specific manner (Appocher et al. 2017; Chaudhury et al. 2010; Coyne et al. 2015; Estes et al. 2008; Han et al. 2010; Piccolo et al. 2014; Romano et al. 2016; Specchia et al. 2017; Zhang et al. 2017) . Since the levels of transcripts encoding most of the hnRNPs and other omega speckle associated RBPs were not found to be altered in hsrω 66 or Hsp90GFP or hsrω 66 Hsp90GFP homozygotes, the observed effects on expression of various genes in genotypes with reduced levels of hsrω transcripts are likely to be consequences of the altered dynamics and spatial distribution of the omega speckle associated hnRNPs and other proteins. Activity at the hsrω locus affects poly-ADP-ribosylation of hnRNPs (Ji and Tulin 2009, 2013) , which in turn can affect many downstream events like splicing and turnover of RNA. Down-regulation of hsrω transcripts also causes hnRNPs like dFUS (Caz) to move to cytoplasm where it shows greater interaction with dFMRP (Piccolo and Yamaguchi 2017). The TDPH/TDP-43 also physically associates with hsrω nuclear RNAs (Piccolo et al. 2018 ) and alterations in poly-ADP-ribose binding affects its liquid-phase separation properties and sub-cellular localization (McGurk et al. 2018) . The TBPH/TDP-43 interacts with FMRP and together they affect mRNA metabolism at levels of transcription, pre-mRNA splicing, mRNA stability, miRNA biogenesis, transport and translation (Coyne et al. 2015; Estes et al. 2008; Romano et al. 2016; Specchia et al. 2017 ). Thus, altered localizations of dFUS and TDP-43 following depletion of hsrω lncRNAs would affect their interaction with dFMRP and other hnRNPs (Romano et al. 2016) , resulting in variable consequences for different transcripts. The hsrω transcripts also interact with chromatin remodeling components like ISWI, CBP300 etc and with nuclear matrix components like Megator, SAFB, Lamin etc (Lakhotia 2017; Onorati et al. 2011; Piccolo and Yamaguchi 2017) . In addition, the hsrω gene also shows genetic interaction with Ras-and JNK-signaling and with caspase-dependent apoptotic pathways (Lakhotia 2017; Ray and Lakhotia 2017). In agreement with such wide-ranging interactions of the hsrω lncRNAs, our transcriptomic analysis in hsrω 66 homozygous larvae indeed revealed changes in a large number of genes associated with diverse cellular activities.
Our bioinformatic finding that dFUS and dFMRP may bind with the l(2)gl promoter (Fig. 8D) is significant. Moreover, dFMRP is also reported to bind with l(2)gl transcripts (Georgieva et al. 2012) . Therefore, it is likely that altered localization and activities of proteins like dFUS, dFMRP, TDP-43 and other hnRNPs can affect levels of transcripts of genes like l(2)gl etc through reduced transcription and/or reduced stability of the transcripts. However, since neither the near absence of hsrω transcripts in hsrω 66 nor the enhanced levels of Hsp83 in Hsp90GFP homozygotes individually affected transcript levels of genes like l(2)gl, kuz, mmp2, SPARC etc, which we believe to be majorly responsible for the unusual phenotypes of the surviving hsrω 66 Hsp90GFP homozygotes, the synergistic effects of simultaneous perturbations in hsrω lncRNA and Hsp83 levels on cellular regulatory networks seem to be critical for activities of these and many other genes. It is significant in this context that Hsp90 and diverse hnRNPs, including FUS and TDP-43, co-localize and/or directly interact in cells and modulates diverse activities at transcriptional and/or post-transcriptional levels (Chi et al. 2018; Ford et al. 2002; Jinwal et al. 2012; Lackie et al. 2017; Zhang et al. 2006) . Obviously, elevation in levels of Hsp83 in a background where the various hnRNPs are mis-localized, would severely and varyingly impinge upon the diverse interactions between Hsp83 and hnRNPs with unexpected consequences for the gene expression profiles, as indeed seen in our study.
In view of the above considerations, we speculate that the action of Hsp83 and/or Trx on transcription through binding on promoter of genes like l(2)gl involves specific interaction with some of the hsrω transcript associated RBPs, and vice-versa, so that their misbalanced interactions in double mutants can block efficient transcription of the gene or stability of the transcripts. Potential binding of Hrb87F, and Hrb98DE and other omega speckle associated proteins on the l(2)gl promoter and/or 3'UTR of its mRNA may play significant roles in such interactions. Furthermore, the Lgl protein is reported to interact with dFMRP and mRNAs, including l(2)gl mRNA, and with other ribonucleoprotein complexes (Zarnescu et al. 2005) . It is possible that besides the diverse roles of dFMRP, TBPH/TDP-43 and Lgl in regulating activities of a large number of other genes, Lgl may also have an auto-regulatory role so that its absence, in conjunction with mis-localized dFMRP and TBPH/TDP-43 etc can further inhibit l(2)gl transcription and or can affect stability of the l(2)gl transcripts. Hsp83 associates with hsrω transcripts in nucleoplasm and as suggested above, this may facilitate its association with other RNPs and thus with gene promoters. Excess of Hsp83, severely depleted levels of hsrω transcripts and mis-localized proteins like dFUS, dFMRP, TDP-43 etc, as in hsrω 66 Hsp90GFP homozygotes, together can inhibit or up-regulate transcription and/or instability of transcripts of a large number of genes, depending upon repressive or stimulatory effect of the Hsp83 and associated factors on a given gene's expression. Such widespread perturbations would lead to early death as seen in +/+; hsrω 66 Hsp90GFP homozygotes. Severe down-regulation of genes like l(2)gl, kuz, mmp2 etc would lead to the phenotypes seen in the rare surviving Sp/CyO; hsrω 66 Hsp90GFP late larvae. Further studies are needed to decipher the specific underlying mechanisms.
The present study, besides confirming interactions between hsrω transcripts and Hsp83 during development, highlights that perturbation in interactions between ubiquitously expressed coding and non-coding genes can result in dramatically severe consequences, including initiation of timorous growth by down-regulation of important tumor suppressor gene like l(2)gl. 
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